Understanding the formation history of brightest cluster galaxies is an important topic in galaxy formation. Utilizing the Planck Sunyaev-Zel'dovich cluster catalog, and applying the Ansatz that the most massive halos at one redshift remain among the most massive ones at a slightly later cosmic epoch, we have constructed cluster samples at redshift z ∼ 0.4 and z ∼ 0.2 that can be statistically regarded as progenitordescendant pairs. This allows us to study the stellar mass assembly history of BCGs in these massive clusters at late times, finding the degree of growth between the two epochs is likely at only few percent level, which is far lower compared to the prediction from a state-of-the-art semi-analytic galaxy formation model.
INTRODUCTION
In the cold dark matter dominated Universe, structure growth proceeds hierarchically through gravitation interactions (e.g., White & Rees 1978; Davis et al. 1985; Springel et al. 2005) . Galaxy clusters represent the culmination of structure formation at the present time, and most of the clusters are still in the active forming phase. In particular, the high resolution N -body simulation of Gao et al. (2004) has shown that even at z < 1, frequent mergers have brought lots of material into the very center of massive halos, namely where the brightest cluster galaxies (BCGs) in real clusters are located. As such, it is natural to expect the BCGs to grow in mass at late times in cosmic history. This is indeed a generic prediction of the semi-analytic models (SAMs); in particular, De Lucia & Blaizot (2007) show that at z < 0.5, their model BCGs typically have gained ∼ 50% of their final stellar mass.
Some researchers have investigated the stellar mass of BCGs in massive clusters by using near-infrared luminosity as a mass proxy, and have suggested that BCGs grow little in mass since z ∼ 1 (Collins et al. 2009; Stott et al. ⋆ E-mail:ytl@asiaa.sinica.edu.tw 2010). Both Lidman et al. (2012) and Lin et al. (2013) have examined the stellar mass growth of BCGs across a wide range in redshifts, and have found a factor of ∼ 2 growth between z = 1 and 0. In particular, Lin et al. (2013) use a sample of intermediate mass clusters and find that, although the BCG growth is consistent with the predictions from the latest version of Munich SAM built upon the Millennium Run simulation Guo et al. 2011 ), below z = 0.5 there is some hint of divergent behavior between the model and observed BCGs. While the model BCGs continue to grow in mass at about the same rate, the growth of observed BCGs seems to slow down considerably. It is possible that for the real BCGs, the continuing accretion of satellite galaxies adds mass to the outskirts of the galaxies, far beyond the observed regions (typically ∼ 30 kpc in diameter; Whiley et al. 2008) . If true, this could offer an explanation of the discrepancy.
Clearly the epoch z < 0.5 is an important period of time to examine the stellar mass assembly history of BCGs. We would also like to extend the study of Lin et al. (2013) in terms of the mass range of clusters, to investigate the formation of BCGs in very massive clusters. Thus, in the present study we will focus on the evolution of BCGs hosted by massive clusters at z < 0.5. To achieve our goal, we need to make sure that within our cluster sample, the higher redshift clusters are representative of the progenitors of the lower redshift clusters. A novelty of our approach is the use of a fixed number density to select massive clusters, which we find can fulfill such a progenitor-descendant relationship requirement for the clusters. Furthermore, instead of studying the stellar mass within a fixed aperture, we attempt to constrain the "total" stellar mass of the BCGs, as allowed by the available data.
To this end, we have employed the cluster sample detected via the Sunyaev-Zel'dvich (SZ) effect (Sunyaev & Zel'dovich 1970; Zel'dovich & Sunyaev 1969) by the Planck satellite (Planck Collaboration et al. 2013b,c) . The SZ effect is the inverse Compton scattering of Cosmic Microwave Background (CMB) photon by hot electrons in the intracluster medium. As the SZ flux is expected to correlate tightly with total thermal energy of the cluster, and thus its total mass (Planck Collaboration et al. 2013b ), selection via the SZ effect is expected to produce a unbiased, massive cluster sample. We then apply the fixed number density selection to the Planck cluster sample, and utilize an Ansatz (see Section 2) that allows us to connect clusters at different redshifts as an evolutionary sequence to study the BCG evolution, using data from the Sloan Digital Sky Survey (SDSS; York et al. 2000) .
This paper is organized as follows. In Section 2, we describe the Ansatz, which forms the starting point of our analysis. In Section 3, we present the details of our analysis of the Planck SZ cluster sample, including the identification of the BCGs and the estimation of their stellar mass. The results on the stellar mass assembly history of BCGs are shown in Section 4. Finally we summarise our results in Section 5. Unless otherwise noted, throughout this paper we use a simple ΛCDM cosmology model where Ωm = 0.3, ΩΛ = 0.7 and H0 = 100h km s −1 Mpc −1 , with h = 0.7.
THE ANSATZ
Observationally it is challenging to follow the evolution of any population of galaxies, although significant progresses have been made recently, such as the method that selects galaxies at or above a fixed (cumulative) number density (van Dokkum et al. 2010; Muzzin et al. 2013) . However, there is a great advantage of working with galaxies in clusters, because once we could identify clusters that statistically form an evolutionary sequence, we can then link the galaxy populations in these clusters over cosmic time, and study their evolution 1 . In this study we focus on the BCGs in clusters that form such an evolutionary sequence.
We construct such a cluster sample based on the Ansatz that, in a given comoving volume V , the top N most massive clusters at one epoch will remain among the most massive ones at a slightly later epoch, separated by a period ∆t. We test what optimal V , N , and ∆t should be using cosmological N -body simulations, and consider the effect of scatter in the mass-observable relation, as follows.
As we are mainly interested in the BCG evolution at is no scatter between the cluster mass and the mass proxy used to select the clusters. Bottom panel: the case when 15% fractional scatter is applied before selecting the clusters, which should be applicable to the Planck clusters used in our analysis.
late times (z < 0.5), we consider redshift ranges 0.13 z 0.26 and 0.37 z 0.41 (hereafter denoted as low-z and high-z, respectively), which occupy the same comoving volume for the same solid angle. At these redshifts, data from SDSS are adequate for studying luminous galaxies such as BCGs.
To check the Ansatz, we have performed three dark matter-only cosmological simulations with the massively parallelized code Gadget-2 in its Tree-PM mode (Springel et al. 2001; Springel 2005) . The softening length is 3% of the mean interparticle separation and the total particle number is Ntot = 1024 3 . The box sizes are 300, 700 and 1000 h −1 Mpc. The volume of the 700 h −1 Mpc run is closest to the actual observations we have (see Section 3). For each simulation, we first select the top N most massive halos at z = 0.4, then use the merger history to identify their descendants at z = 0.2. We compare these descendants with the top N most massive halos at z = 0.2 and calculate the fraction of halos that are present in both halo samples. Fig. 1 (top panel) shows such fractions as a function of N . The simulations suggest that about 75% of halos remain among the most massive ones between z = 0.2 and z = 0.4 with N ≈ 30. We also find that the effect of the box size is small for the cases where N 50.
In practice, we usually cannot select clusters by their mass, but rather by a mass proxy, which inevitably exhibits some scatter with respect to the true mass. As we will use the cluster sample detected by Planck via the SZ effect, we consider the effect of scatter in the MY Z -mass relation, where MY Z is the best mass proxy (with a scatter of ∼ 15%) recommended by the Planck team (Planck Collaboration et al. 2013b ). In our simulation box at z = 0.4, for each halo, we randomly perturb the halo mass by a random Gaussian variate with σ = 0.15. The same operation is applied to the halos at z = 0.2 as well. We then compute the fraction of descendants of the top N z = 0.4 halos selected by the perturbed mass that remain in the top N list at z = 0.2 (also selected by the perturbed mass). The results are shown in Fig. 1 (bottom panel). Interestingly, the introduction of scatter in mass proxies only has appreciable effects on the remaining fraction for our smallest simulation box, and we find that for larger boxes, which are closer in terms of the comoving volume to our actual observations, the effect is quite small, and our Ansatz holds to about 75%.
Inferring the stellar mass growth of BCGs
How does the scatter affect the robustness of our approach in inferring the BCG stellar mass growth? We repeat the procedure just mentioned, but now, at z = 0.4, for each halo we also assign a BCG stellar mass with a mean of M bcg = aM c h (where a is an arbitrary normalisation factor and slope c = 0.2) and a Gaussian scatter of 30% at fixed (true/unperturbed) halo mass M h . These values of c and scatter are consistent with the measurement of Lin & Mohr (2004) for nearby X-ray clusters. At z = 0.2, a BCG stellar mass-halo mass relation with the same scatter and slope, but different normalisation, is used (M bcg = bM c h ). Now, there are three relevant quantities to consider: (1) the mean BCG stellar mass of top N halos at z = 0.4 selected by the perturbed mass, M bcg,1 ; (2) the mean BCG stellar mass of top N halos at z = 0.2 selected by the perturbed mass, M bcg,2 ; (3) the mean BCG stellar mass at z = 0.2 for descendants of the top N z = 0.4 halos selected by the perturbed mass, M bcg,3 . While observationally we measure M bcg,1 and M bcg,2 , it is the ratio M bcg,3 /M bcg,1 that we are after. Under the fair assumption that the BCG stellar mass assembly in descendants of top N z = 0.4 halos is the same as in other massive z = 0.2 halos, we could use this simple simulation to examine whether we could recover the overall growth of BCGs (i.e., b/a), as well as the growth of the particular BCG population we are interested in (i.e., the top N halos at z = 0.4 and their descendant halos).
The results from this exercise are shown in Fig. 2 , as a function of N . We have arbitrarily set b/a = 1.3, and found that while the ratio M bcg,2 /M bcg,1 is biased high by 9%, the ratio M bcg,3 /M bcg,1 is very close to the actual value. In principle, these results allow us to infer the true growth M bcg,3 /M bcg,1 by applying a correction factor to the observed growth M bcg,2 /M bcg,1 . In reality, however, since the exact magnitudes of scatter in both the cluster massobservable relation and the BCG stellar mass-cluster mass relation are not well measured, later in the analysis we will mainly invoke the results here for qualitative arguments.
THE ANALYSIS
In this section, we first describe the data sets used in our analysis. These include the Planck SZ catalog and the SDSS data used to study the BCGs. For comparison with predictions from galaxy formation theories, we also make extensive use of the Millennium Run database. We then provide detailed accounts of our identification of optical counterparts of Planck SZ sources and the designation of BCG (Section 3.1), and the estimation of stellar masses of BCGs (Section 3.2).
Planck is a project of the European Space Agency (Planck Collaboration et al. 2013a). The main goal of the Figure 2 . Recovery of the degree of BCG stellar mass growth, as a function of the top N selection (using the 700h −1 Mpc box). In this example, we have assumed that, between z = 0.4 and z = 0.2, the amplitude of the BCG stellar mass-cluster mass relation has increased by a factor of two, while the scatter in the relation remains at 30%. The red curve shows that, when the top N clusters are selected at both redshifts, the ratio of the mean BCG stellar masses is biased high by ∼ 9% compared to the actual amplitude. The blue dotted curve shows the case when the descendants of top N z = 0.4 halos are compared against their progenitors. In this case the resulting bias is quite small. mission is to determine the cosmological parameters describing the Universe. The 74 detectors of Planck satellite are sensitive to a range of frequencies from 30 to 857GHz. One of the most important results from Planck so far is the construction of an all-sky cluster catalog derived from the SZ effect, using data from the first 15.5 months of observations (Planck Collaboration et al. 2013c ). The Planck SunyaevZel'dovich (PSZ) catalogue contains 1227 clusters and is the largest SZ catalogue to date. We use this catalogue as our parent cluster sample.
The SDSS and its later incarnations have observed about one quarter of the sky (York et al. 2000) . The goal of the project is to create a 3-dimensional map of the Universe. It uses a 2.5m telescope equipped with a mosaic CCD camera which can image the sky in five broad optical bands, and a pair of multi-object spectrographs covering the whole optical wavelength. We use the latest public data release from SDSS, DR10 (Ahn et al. 2013) , to estimate the cluster redshifts, and to identify and study BCGs.
The Millennium Run is a very high-resolution cosmological N -body simulation that follows the evolution of N = 2160 3 particles from redshift z = 127 to the present, with a box size of 500h −1 Mpc . Galaxy formation in Millennium is treated using semi-analytic prescriptions (e.g., Guo et al. 2011; De Lucia et al. 2006) . To compare with our observations, we use the predictions from one of these semi-analytic models (SAMs).
Optical counterparts of PSZ clusters
The first step in our analysis is to identify the galaxies associated with each of the PSZ sources. This is to ensure the robustness of the SZ detections, and to validate the cluster redshifts from the PSZ catalogue. We start with the 374 clusters that lie within the SDSS DR10 footprint, and have the "val- SDSS-data red sequence fit Figure 3 . g − i vs i colour-magnitude diagram for one of the clusters in our sample. The red and green points represent all galaxies and the red sequence galaxies, respectively. The blue line is the best-fit relation, obtained with a 3σ clipping algorithm.
idation" flag value 10 in the PSZ catalog, which indicates that these are either newly confirmed or previously-known clusters. Those with validation value < 10 are discarded as they lack redshift information. We use the PSZ catalogue to obtain the initial indication of the position of the clusters. The PSZ position uncertainty δx, provided in the catalog for each cluster, can be up to a few arcmin. We have thus queried the SDSS database within 1h −1 Mpc + δx from the nominal cluster center to obtain colour images and photometric and spectroscopic catalogs.
Although significant efforts have gone into the optical identification and verification of cluster candidates in the PSZ catalog, in some cases we cannot find unambiguously the optical counterpart of PSZ sources within the search radius, while in others the redshift listed in PSZ catalog does not agree with the apparent redshift of counterpart clusters we identify. Therefore, in addition to the cluster redshift listed in the PSZ catalog (zp), we determine the cluster redshift based on the mean redshift of red member galaxies in the cluster, as described below.
For each of the PSZ candidate clusters with zp close to our two redshift bins, we visually inspect the SDSS image and look for the optical counterpart, in the form of spatial concentration of red galaxies. Operationally, we first look for a red sequence in the g − i vs i-band colour-magnitude space (Fig. 3) . Old galaxies in a cluster are often found to lie on a narrow sequence defined by a colour index that straddles the 4000Å break (e.g., López-Cruz et al. 2004 ). As our clusters span the redshift range from z ∼ 0.15 to z ∼ 0.4, for simplicity we choose the g − i colour instead of the conventional g − r to avoid the filter edge effect at around z ∼ 0.4.
An example of the colour-magnitude diagram is shown in Fig. 3 . The red sequence can be clearly seen. The blue line is the best fit to the sequence, obtained from a 3σ-clipping technique 2 . For the fit, we consider only galaxies 2 In short, we first divide the colour-magnitude space into small cells and calculate the surface density of galaxies in the cells. We then set a lower limit in surface density for regions to be used in fitting the red sequence. This procedure effectively eliminates the brighter than an apparent magnitude limit i lim ; for the lowz bin we set i lim = 20, while for the high-z bin i lim = 22.
To accommodate the finite width of the red sequence, we assume the galaxies with colour in the range −0.1 < (g − i) − (g − i) fit < 0.05 belong to the sequence. In SDSS DR10, for bright galaxies that we consider (i i lim ), photometric redshift (z phot ) and in some cases spectroscopic redshift (zspec) are available. Using such information, we define the cluster redshift zo as the mean redshift of the galaxies on the red sequence. In Tables 1 and 2 we record the cluster redshifts thus determined, and plot the comparison of zo with zp in Figs. 4 and 5. For the low-z bin the mean difference between zo and zp is 0.007, while for the high-z bin the mean difference is 0.017. Although the difference between zo and zp is small, as a check for systematics, in the following we will present results using the two estimates separately.
blue cloud. We then apply 3σ-clipping to better measure the tilt and amplitude of the red sequence. Table 1 . Derived properties of clusters and BCGs in the low-z bin. Columns 1-2 are ID and redshift in Planck SZ catalogue. Column 3 is our estimation of cluster redshift, using red sequence galaxies. Column 4 is objID of the identified BCGs in the SDSS database. Columns 5-12 are estimated stellar masses of the BCGs in unit of 10 11 h −1 M ⊙ . For the notation Mxyz, the 1st subscript denotes the code used for the estimation of stellar mass (h and k stand for NewHyperz and kcorrect, respectively). The 2nd subscript represents the magnitude used (p and t are Petrosian and total magnitude, respectively). The 3rd subscript denotes the redshift used (p and o are zp and zo, respectively). For example, M hpp means the mass obtained by NewHyperz using Petrosian magnitude and zp. Table 2 . Derived properties of clusters and BCGs in the high-z bin. Columns 1-2 are ID and redshift in Planck SZ catalogue. Column 3 is our estimation of cluster redshift, using red sequence galaxies. Column 4 is objID of the identified BCGs in the SDSS database. Columns 5-12 are estimated stellar masses of the BCGs in unit of 10 11 h −1 M ⊙ . For the notation Mxyz, the 1st subscript denotes the code used for the estimation of stellar mass (h and k stand for NewHyperz and kcorrect, respectively). The 2nd subscript represents the magnitude used (p and t are Petrosian and total magnitude, respectively). The 3rd subscript denotes the redshift used (p and o are zp and zo, respectively). For example, M kto means the mass obtained by kcorrect using total magnitude and zo. 
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Although BCGs are typically red and dead, and thus belonging to the red sequence, in some cases they appear blue, likely due to star formation from cooling gas (e.g., Fabian 1994; O'Dea et al. 2008) . To account for this, when we look for the BCGs, in addition to using the available z phot and zspec information, we also consider a wider colour range, −1.0 < (g − i) − (g − i) fit < 1.0. As the final step, we visually inspect the colour images of BCG candidates and manually correct for misidentified BCGs. We give preference to galaxies with early type morphology and are closer to the centre of galaxy concentration. The parameters of the identified BCGs are listed in Tables 1 and 2 .
In Section 2 we have defined the two redshift bins that will be used to study the BCG evolution. Within the SDSS DR10 footprint, there are 121 and 30 clusters in the lowz and high-z bins, respectively, for which we can find an optical counterpart. (The numbers of clusters remain the same no matter whether zp or zo is used.) Given the small number of clusters in the high-z bin, we therefore focus on top N = 30 clusters in both bins. For the low-z bin, we sort the clusters by the mass proxy MY Z , and select the most massive 30 clusters as our sample. The clusters in the high-z (low-z) bin have MY Z 3.6×10 14 M⊙ (2.2×10 14 M⊙). Given the overlap between SDSS DR10 and PSZ catalog, which we roughly estimate to be ∼ 13000 deg 2 , the comoving volume of each redshift bin is about (770h −1 Mpc) 3 .
Estimation of stellar mass of BCGs
We estimate the stellar mass of BCGs from SDSS data by two spectral energy distribution (SED) fitting techniques. The first tool we use is the kcorrect package (v4.2; Blanton & Roweis 2007), while the second one is the code NewHyperz (v11) 3 . Having two independent methods allows us to assess the robustness of our results, as well as to evaluate any systematic uncertainty in the stellar mass estimates, as such estimates inevitably depend on the chosen templates (or/and stellar population synthesis libraries) and the initial mass function (IMF), among other factors.
For kcorrect, we use both the default and the luminous red galaxy templates, both of which are constructed by Blanton & Roweis (2007) using the Bruzual & Charlot (2003, hereafter BC03 ) models with the Chabrier (2003) IMF. The default templates are constructed from a set of 485 BC03 models that span a wide range of star formation histories and metallicities. The nonnegative linear combinations of these and the LRG templates are shown to be able to describe the great majority of observed galaxy spectra from SDSS and other surveys (Blanton & Roweis 2007) . We use extinction corrected ugriz model magnitudes and either zo or zp when fitting the BCG SED. As a sanity check, we compare our derived stellar masses from kcorrect with those estimated by Chen et al. (2012) , who have developed a variant of the principle component analysis of spectral decomposition, so that they are able to infer physical quantities (e.g., stellar mass, metallicity) from the eigenspectra for each of the galaxies. Their stellar mass estimates are available in the table stellarMassPCAWiscBC03 in SDSS DR10. Among the 60 BCGs in our sample, 27 of them have entries in this table.
3 http://www.ast.obs-mip.fr/users/roser/hyperz/ Although there is a small offset between these two sets of stellar masses, with the DR10 stellar masses being slightly higher than the kcorrect ones, the scatter is small and the correlation is clear.
For NewHyperz, we use the BC03 early-type templates in the SED fitting. We assume the BCG SEDs are described by a single stellar population, and thus we do not fit multiple templates simultaneously. Again the extinction corrected ugriz model magnitudes are used for the fitting. When the template fitting finishes, NewHyperz provides a scaling factor for the best-fit SED. Since the BC03 templates are in units of solar luminosities per solar mass, the stellar mass can be easily derived from the scaling factor.
Although the SDSS model magnitudes are suitable for SED fitting (as they are calculated within the same circular aperture, defined in r-band), they may not capture the total light from the galaxies. Petrosian magnitudes, on the other hand, are designed to capture the same fraction of the light irrespective of the distance to the galaxies, so they provide a good way to compare galaxy stellar masses at different redshifts (provided that the galaxies have similar profiles). Ideally, one wants to compare the "total" luminosity or stellar mass of the galaxies. We follow the method of Graham et al. (2005) to extrapolate from Petrosian magnitudes to total magnitudes. Basically, from the observed radii r50 and r90, which enclose 50% and 90% of the Petrosian flux, one can infer the Sersic index n, which then enables one to calculate the magnitude difference between the Petrosian magnitude and the "total" magnitude (assuming the galaxy surface brightness distribution follows the Sersic profile).
Once stellar mass based on model magnitudes (M * m) is derived, we can further convert it to those based on Petrosian and total magnitudes (M * p and M * t), from the magnitude differences. That is,
where mm is the apparent model magnitude, mx is either Petrosian or total magnitude (x = p or t).
THE RESULTS
To accommodate various modeling and observational uncertainties, we have decided to present results considering both the Planck-based and our own cluster redshift estimates, and to perform SED fitting with two independent codes (kcorrect and NewHyperz), as well as inferring stellar masses from the Petrosian or total magnitudes. The stellar mass estimates from the combination of all these choices are presented in Tables 1 and 2 , for the sake of completeness.
We present the BCG stellar mass estimates in both redshift bins using kcorrect in Fig. 6 , and tabulate the resulting differences in the mean stellar masses between two redshift bins in Table 3 . As can be seen in the Table, our results do not depend sensitively on the way cluster redshifts are estimated (zp vs zo), and the mean stellar mass growth is of order a few percent irrespective of the magnitude measurement (Petrosian or total) from which it is derived. We note that, for all the values shown in Tables 3, they are consistent with zero.
The results based on NewHyperz are shown in Fig. 7 and also in Table 3 . Comparing to the results from correct, the NewHyperz-based values are larger, which may be due to the use of just the early-type template.
As mentioned above, Petrosian magnitudes provide a meaningful way to compare galaxies at different redshifts; considering all possible combinations of ways to estimate stellar mass using Petrosian magnitudes, we conclude that the observationally determined stellar mass growth between z ∼ 0.4 to z ∼ 0.2 is 2 − 14%, and very likely in the lower part of this range, once we consider the small bias suggested by the simulation presented in Section 2.1.
In addition to comparing the mean of the distributions of BCG masses, we also use the Kolmogorov-Smirnov (KS) test to examine whether the BCG mass distributions at z = 0.4 and z = 0.2 are similar. For kcorrect-based stellar masses, the KS test indicates the two distributions are the same at ∼ 96%, regardless of the magnitudes used. For NewHyperz-based masses, although the likelihood is lower (∼ 35%), the two distributions are still quite possible to be drawn from the same parent distribution.
Finally, we compare these results with those obtained from the Millennium Run simulation. In particular, we use the Guo et al. (2011) model to examine the evolution of model BCGs from z = 0.4 to z = 0.2. The central galaxies in massive halos are regarded as the BCGs. Similar to the test presented in Section 2.1, there are two ways to select the model clusters. The first one is to select top N massive clusters at each redshift. The other way is to follow the merger trees and study the descendant halos of top N z = 0.4 halos. For the first method, the mean mass of the BCGs of top 30 halos increases by 38% from z = 0.4 to z = 0.2 (Fig. 8, red dashed histogram vs black solid histogram) . On the other hand, for the second method, the mean mass of the BCGs increases by 31% (Fig. 8 , blue dotted histogram vs black solid histogram). We can thus conclude that in the Guo et al. (2011) model the typical stellar mass growth of BCGs is of order 30%, which is quite large compared to the observed value (likely much less than 14%). This finding is consistent with the results of Lin et al. (2013) and Lidman et al. (2012) , and indicates that the degree of late time (z < 0.5) growth is small.
SUMMARY
In this paper, we have studied the stellar mass growth of BCGs in massive clusters at z < 0.5. Although it is impossible to follow the growth of any single galaxy, we have developed a statistical approach that allows us to construct samples of BCGs that can be regarded as progenitor-descendant pairs. This is based on the Ansatz that the top N most massive clusters at one redshift largely remain in top N most massive clusters at a slightly later cosmic epoch (Section 2). If this Ansatz holds, the top N most massive clusters observed at one redshift can be regarded as representative of the progenitors of top N most massive clusters found at a lower redshift. Our simulations suggest that between z = 0.2 and z = 0.4, with N = 30, this Ansatz holds to about 75% for comoving volume of (700h −1 Mpc) 3 . Using simulations, we have found that the mean growth of BCGs inferred this way may be slightly biased high (by ∼ 5 − 10% or so) compared to the actual growth (Section 2.1).
This idea has been applied to Planck clusters that lie within SDSS DR10 footprint. We consider two redshift bins (0.13 z 0.26 and 0.37 z 0.41) that occupy the same comoving volume, and select top 30 most massive clusters in each bin. We have identified the BCGs in these clusters by considering their location on the colour-magnitude diagram, their morphology, and their proximity to the cluster centre. The stellar mass of the BCGs is estimated by two different SED fitting codes, kcorrect and NewHyperz. In addition to the way SED fitting is done, we also consider various ways the luminosity is measured (Petrosian mag and total mag), which affect the resulting stellar mass estimates. Considering all these choices and their observational consequences, we conclude that the probable stellar mass growth of BCGs in massive clusters from z ∼ 0.4 to z ∼ 0.2 is 2−14%, and very likely to be just few percent. We emphasise that although the two SED fitting codes do not give the same masses, what is more relevant is the relative stellar mass growth between z = 0.4 and z = 0.2.
We compare the observational results with the predictions from a SAM built upon the Millennium Run simulation (Guo et al. 2011) . Considering different ways we can associate halos at one redshift with those in another, we conclude the model BCGs typically have grown by about 30% from z ∼ 0.4 to z ∼ 0.2. We note that there is no spatial information in the model of Guo et al. (2011) , and the galaxy growth is calculated by accretion of satellite galaxies at all radii. Observationally, we have attempted to compute the "total" stellar mass growth in an approximate way via the total magnitude, and found that at most the growth is about 13%. This is based on extrapolation of the photometry, and may depend on the accuracy of sky subtraction in crowded fields such as cluster cores. It is possible that our estimate of growth is still confined to regions that are relatively small compared to the true total size that is considered in SAMs, especially for intrinsically large galaxies such as BCGs.
In summary, the lack of spatial information in current SAMs makes it non-trivial to compare with our data. Perc 2014 RAS, MNRAS 000, 1-11
Evolution of Brightest Cluster Galaxies 9 Figure 6 . The distribution of the BCG stellar mass estimated using kcorrect. The solid and dashed lines are for the high-z and low-z bins, respectively. Panels in the top and bottom rows are for the mass estimation based on Petrosian and total magnitudes, respectively, while stellar mass in the left and right panels is estimated by using zp and zo, respectively. The label to the upper right corner of each panel is the same as that in Tables 1 & 2.   Table 3 . The mean BCG stellar mass growth between z = 0.2 and z = 0.4 obtained by kcorrect (2nd and 3rd columns) and by NewHyperz (4th and 5th columns). The uncertainties quoted are statistical only, and are obtained from the mean absolute error. Top and bottom rows show the mass growth based on Petrosian and total magnitudes, respectively. haps a better way to proceed is to compare with hydrodynamical simulations, or simulations with the "tagging" technique (Cooper et al. 2014) , which would provide spatial density profiles of the model galaxies, making a fairer comparison possible.
Our Ansatz has enabled us to "link" the most massive clusters at different redshifts together. We plan to apply this methodology to the on-going Subaru HyperSuprimeCam survey (Takada 2010 ), which will image 1400 deg 2 of the sky to r ∼ 26, and will provide a high quality cluster sample out to z ∼ 1.5. We will then be able to trace the way massive galaxies evolve in the most massive, densest environments in the past 9 Gyr. The distribution of the BCG stellar mass estimated using NewHyperz. The solid and dashed lines are for the high-z and low-z bins, respectively. Panels in the top and bottom rows are for the mass estimation based on Petrosian and total magnitudes, respectively, while stellar mass in the left and right panels is estimated by using zp and zo, respectively. The label to the upper right corner of each panel is the same as that in Tables 1 & 2. Foundation, and the U.S. Department of Energy Office of Science. The SDSS-III web site is http://www.sdss3.org/. SDSS-III is managed by the Astrophysical Research Consortium for the Participating Institutions of the SDSS-III Collaboration. The Millennium Simulation databases used in this paper and the web application providing online access to them were constructed as part of the activities of the German Astrophysical Virtual Observatory (GAVO).
